INTRODUCTION
Premature ovarian failure (POF) is a common condition, affecting 1 -3% of all women, in which incomplete menarche or early menopause could result from inadequate formation or maintenance of the pool of ovarian follicles (ovarian dysgenesis). Ovarian organogenesis starts with the formation of the sexually indifferent gonadal anlage, followed by sex differentiation, with the formation of the primitive ovary. Finally with 'definitive histogenesis' (1), oogonia enter meiosis and oocytes are incorporated into primordial follicles. The perinatal pool of primordial follicles, which later grow and mature, is established by a poorly understood mechanism whereby oocyte nests are coordinately intercalated by somatic cells and fragment into single follicles (1 -4) . Human X monosomy (5) and several mouse mutants [notably c-kit and the c-kit ligand/Steel (reviewed in 6), Gcd (7), ] showed that oocyte defects at various developmental stages reduced the number of primordial follicles or totally prevented their formation. More disruptive effects on perinatal ovary differentiation [e.g. Wnt4 (9), TrkB (10)] have been difficult to interpret. Consequently, studies of gonadal dysgenesis in human and animal models have provided little information about the mechanism of primordial follicle formation (11) .
The finding that blepharophimosis-ptosis-epicanthus inversus syndrome BPES (OMIM 110100, http://www.ncbi. nlm.nih.gov/entrez/query.fcgi?db ¼ OMIM), a syndrome associated with POF, is caused by heterozygous mutations in FOXL2, a gene encoding a forkhead transcription factor (12) , provided a possible entry point to the study of ovarian dysgenesis. Here, based on findings in a knockout mouse, we show that Foxl2 is a selective determinant of perinatal ovarian histogenesis with a central role in primordial follicle formation.
RESULTS
To elucidate anomalies associated with Foxl2 deficiency, we created a mouse with the complete coding region ablated (Fig. 1) . As in several mouse models of gonadal diseases associated with haploinsufficiency in humans (13) , lack of one copy of the single-exon gene resulted in no dramatic morphological or functional change. However, homozygous mutant mice experienced high rates of perinatal mortality (.50% died before 1 week, i.e. 26 out of 50), with a Human Molecular Genetics, Vol. 13, No. 11 # Oxford University Press 2004; all rights reserved { The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First Authors. *To whom correspondence should be addressed. Tel: þ39 0706095668; Fax: þ39 070503696; Email: pilia@unica.it 1.7-fold male excess among survivors. In addition, like some BPES patients, Foxl2 2/2 animals were small (,85% the weight of wild-type littermates; t-test, P , 0.05), with the levels of serum IGF1, a major mediator of growth hormone function, reduced 60% (155 -234 at 4 weeks versus 542 -639 ng/ml in control littermates; t-test, P , 0.05). Craniofacial dysmorphic features comparable to BPES, particularly involving severe eyelid hypoplasia, were fully penetrant (N ¼ 82) and were apparent by 13.5 dpc ( Fig. 2A  and B ). Animals were born with open, necrotizing eyes ( Fig. 2C -F) . Comparable to BPES in humans, testis development was unaffected in heterozygous or homozygous Foxl2-null males. Heterozygous females were able to reproduce, though preliminary analyses indicated subfertility. Here we focus on patent ovarian anomalies in homozygous females.
Macroscopically, anomalies in Foxl2 2/2 female genitalia and gonads were evident by 2 weeks (fully penetrant, N ¼ 16). Ovary size was reduced and tubes were hypotrophic with incomplete glandular cytodifferentiation, consistent with hypoestrogenism ( Fig. 3 , and data not shown). Earlier defects were manifest in histologic sections of 1-week ovaries (N ¼ 7). In normal littermates at this stage we observed primordial and growing follicles up to the secondary stage [follicle stage 4 of (3)], characterized by the presence of two regular layers of cuboidal granulosa cells (Figs 4C and E and 5A and C). In contrast, in Foxl2-null females, the ovary was disorganized, as follows.
Growing oocytes were surrounded by granulosa-like epithelial cells assembled in a single layer (or occasionally in two layers over part of the oocyte surface). The epithelial cells were pleiomorphic, including a few flattened cells reminiscent of primordial follicles (Figs 4D and F and 5B and D) . Some of these cells were positive for the proliferation marker Ki67 [expressed from late-G1 to M (14) ], notably those located around growing oocytes [i.e. with diameter .20 mm (3,4)] (Fig. 5B ). This indicates that although the program for granulosa cell differentiation and growth may have been induced to a partial extent, it was severely impaired from the earliest stages of folliculogenesis. These anomalies persisted, so that in contrast to wild-type mice, in which follicles with multiple layers of cuboidal granulosa cells were abundant by 2 weeks of life, mutant littermates had all oocytes still surrounded by one layer of granulosa cells (N ¼ 8). At 8 weeks the anomalies were most conspicuous: granulosa-like cells surrounding growing oocytes were predominantly flattened and did not show mitotic activity by Ki67 staining (Fig. 5D ). In addition, evidence for coordinated apoptosis of multiple adjacent granulosa cells, as observed in atretic follicles in the wild-type, was not found at any age in the mutant (as indicated by Tunel analysis; data not shown). In spite of these anomalies in the somatic companion cells, oocyte differentiation was only partly affected, particularly at initial stages: a conspicuous zona pellucida was formed, and correspondingly, the levels of major oocyte regulators, Gdf9 (15), c-kit (6) and Fig-alpha oocytes were growing at a slower rate at all ages. At 1 week, for example, the maximum diameter reached by oocytes was .10 mm smaller in mutant than in wild-type, and oocytes with a diameter .35 mm were 10-fold less abundant (Fisher's exact test, P ( 0.01). Until 4 weeks, even the total number of oocytes recruited to growth, roughly assessed as those with a diameter .20 mm (3,4), appeared somewhat reduced in the knockout mice (Figs 4B and D, 5B and 6B and D). By 8 weeks, however, the wild-type ovary showed a range of oocyte sizes and follicle stages (predominantly primordial follicles with oocyte diameters ,20 mm), while the oocytes in the mutant had almost all reached diameters .20 mm; they now occupied a large fraction of the ovary (Figs 4F and 6F), and many were undergoing apoptosis (data not shown). These data show that in the mutant essentially the entire cohort of oocytes were derepressed to grow between 4 and 8 weeks, though a defect may have been initiated earlier, if masked by the slower growth of the mutant oocytes. The concurrence of early morphological anomalies associated with progressive alterations of oocyte growth and activation suggested a primary defect in follicle formation. This was supported by the following observations. First, in the mutant, groups of up to at least 10 apposed oocytes, collectively surrounded by a layer of support cells, persisted for at least 8 weeks (Figs 4 and 6C-F). They correspond to oocyte clusters and to 'sex cords' (17) (i.e. oocytes, intercalated with pregranulosa cells, that would normally be progressively separated by interfollicular stroma). These structures were surrounded by basal lamina, staining for lamininalpha-1 (18) , and by stroma cells and arterioles, staining for smooth-muscle actin (18) . At birth, these markers delineated prominent, branching cord-like configurations in both wildtype and mutant ovaries. Even at 8 weeks these structures in mutants had not given rise to individual follicles, whereas the process is essentially complete within 1 week in wildtype mice (Fig. 6 , and data not shown).
Second, laminin-alpha-1 distribution was clearly abnormal from the time of primordial follicle formation (Fig. 6C-F) : each follicle in normal ovaries was surrounded by a uniform immunostained layer, whereas mutant ovaries exhibited a layer of highly variable thickness, with apparent bifurcations and occasional abrupt termination in amorphous cellular masses.
These data show that Foxl2 is required for primordial follicle formation, with a possible role in the synthesis of specialized basal lamina. In addition, we failed to detect steroidogenic cells in Foxl2 2/2 mutants, as assayed by immunostaining with cytochrome P450 side-chain cleavage enzyme (19) , the rate-limiting enzyme in the pathway from cholesterol to steroids (Fig. 7A and B) . Thus, in the absence of Foxl2, several cell lineages were not induced-including 
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ovarian steroidogenic theca cells and [unlike models like Gdf9-null mice (20)] interstitial glands. In contrast, the lowaffinity nerve growth factor receptor, NGFR/p75, a marker of newborn gonadal stroma (21), was subsequently downregulated in control littermates but persisted in delimited regions of mutant ovaries ( Fig. 7C and D) . These data indicate the persistence of primitive stroma, which is seemingly 'frozen' in a newborn state in the Foxl2 2/2 ovaries. The expression pattern of Foxl2 provided further information about the timing and cell-types involved in the anomalies. A specific polyclonal antibody detected Foxl2 in somatic cells of the fetal ovary and, at decreasing levels, in granulosa cells of adult follicles from the primordial to the preantral stage (data not shown), consistent with previous studies of RNA and protein expression [(22) and references therein]. More importantly, in the neonatal wild-type ovary (Fig. 8) , Foxl2 expression was clearly observed in pregranulosa cell nuclei. Many Foxl2-positive nuclei were immediately apposed to oocytes and intercalated amidst the nascent follicles. All Foxl2-positive cells were ki67-negative (14) (non-dividing), and some expressed the epithelial marker (23) cytokeratin-18 ( Fig. 8C and D) . Furthermore, the most external Foxl2-positive cells were oriented perpendicular to the surface of the ovary, with an external pole adjacent to Foxl2-negative, ki67-positive (dividing) round nuclei of surface epithelial cells (Fig. 8D) . Ovarian surface epithelium is an important source of granulosa cells, which do not multiply while they migrate to reach the oocytes and form the primordial follicles (1 -4,24) . This is consistent with Foxl2 expressed in pregranulosa cells from their earliest involvement in histogenesis. Granulosa cell blockage at the prefollicle stage likely explains the persistence of primitive stroma (Fig. 7) , though low expression of Foxl2 in a few stroma cells has not been excluded completely. 
DISCUSSION
We recently isolated FOXL2, encoding a FOX winged-helix forkhead gene transcription factor, as a gene mutated in patients with BPES (12) . The severity of the anomalies being confined to essentially two organs in this syndrome (eyelids and ovary) and the selective expression of the gene largely in those two organs suggested to us that the underlying gene, FOXL2, might control highly specific mechanisms with pervasive effects in development. Thus its functional characterization in mice was likely to complement the large body of knowledge on ovary formation and maturation. Here, we show first that Foxl2 2/2 mice exhibit defects comparable to BPES in humans, thereby providing an entry point to study major features of this human condition. Second, this mouse model can be relevant for human POF in general, because it controls a developmental process (histogenesis) that is pivotal to ovarian reproductive competence. Third, the initial analysis presented here indicates that Foxl2, expressed in granulosa cell precursors, regulates the fate of all major ovarian cell lineages, including oocytes and stroma. A central role of pregranulosa cells in regulating oocyte and stroma growth and differentiation might then be comparable to the critical function of Sertoli cell precursors in the embryonic testis (25) . Extra-ovarian phenotypes in the knockout mice affect systems that have been less characterized, but the defects observed are likely to be segmental: the failure of eyelid formation correlated with the lack of expression of Foxl2 in the periorbital mesenchyme (12) , and the smaller size possibly correlated with the lack of expression in the pituitary (26) . For ovarian development, however, where studies have generally been more extensive, it is notable that the defects observed occur at an earlier step than seen in null mutants for several previously identified regulatory genes. Those genes preferentially control growth [e.g. Gdf 9 (15, 20) , Fshr (27)] or recruitment [Foxo3a (28)] of primordial follicles that are competent to mature, and steroidogenically active stroma forms even in their absence.
In a recently reported Foxl2 2/2 mouse model (29), extensive expression of Gdf9 was observed, as seen in oocytes here as well (Supplementary Material Fig. S1 ). This was interpreted as indicating an early derepression of oocyte growth, leading to the inference that Foxl2 might be required to simultaneously repress oocyte activation and somehow also promote follicle growth. However, the additional histologic anomalies studied here indicate that in the absence of Foxl2, complete individual follicles segregated by stroma never form, with massive oocyte growth occurring relatively later. Further studies should determine more precisely the timing and 
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pattern of oocyte anomalies; but the concurrence of pervasive disruption of follicle formation and deregulated oocyte growth (whether immediate or delayed) strongly supports the long-held view that organization of ovary architecture is essential to establish the pool of functional oocytes (3, 4, 17, 24, 30) , and indicates a central coordinating function for Foxl2. In other known mouse mutations classified as growth defects, occasional unseparated oocyte doublets have been observed; however, in spite of the recognized role of basal lamina in other developmental systems (18) , lamina defects have customarily not been investigated. Taken together, our data indicate that ovarian failure associated with BPES results primarily from the failure of granulosa cells in follicle formation, leading to deregulated oogenesis by an unknown mechanism that requires further analyses. Investigating ovarian morphogenetic defects in the polled-intersex goat, thought to be equivalent to BPES and involving Foxl2 downregulation (31), may help understand sex reversal in that case; but Foxl2 2/2 mice should particularly facilitate the analysis of primordial follicle morphogenesis uncoupled from sex determination. This knockout mouse provides the first model directly relevant to ovarian gonadal dysgenesis in humans, 
MATERIALS AND METHODS

Knockout mice
We sequenced the genomic region (33) and replaced a 2.177 kb Foxl2-containing XhoI-XhoI fragment using a targeting vector (Fig. 1A ) with diphtheria toxin negative selection and neomycin resistance (Neo) positive selection. A 14 kb KpnI (K) genomic DNA fragment from the RPCI-21 (129S6/SvEvTac) mouse PAC library containing the complete Foxl2 gene was cloned into a pBS KS þ hosting the diphtheria toxin gene as a negative selection marker. A 2.177 kb XhoI fragment including the entire Foxl2 coding region was replaced with a 1.157 kb SalI (S)-XhoI (X) Neo gene cassette. After electroporation, 170 Neoresistant 129SV/Tac embryonic stem cell transformant clones were isolated. Southern analysis (Fig. 1B) identified three clones with Foxl2 replaced. Two were microinjected into 10 blastocysts each to give three and four chimeras, respectively (inGenious Targeting Laboratory, Inc., NY, USA). Foxl2 þ/2 Figure 7 . Stromal defects at 8 weeks in Foxl2 2/2 mice. P450ssc expression (immunoperoxidase DAB staining with hematoxylin counterstaining) is extensive in interstitial glands, theca, and luteal cells in sections of (A) wild-type littermate, but no specific staining is detected in (B) Foxl2 2/2 . Double staining of smoothmuscle actin (red) and NGFR/p75 (green) shows a comparable level of expression of smooth-muscle actin in (C) wild-type littermate and (D) knockout ovary; whereas NGFR/p75 shows defined interstitial areas with strong expression (green) in sections from (D) Foxl2 2/2 , whereas the wild-type has background levels of expression (yellow). Bars: 100 mm. mutant mice were bred to C57/B6 (Jackson Laboratory), NIHS-BC, and 129S6/SvEvTac (Taconic) mice. Heterozygous offspring were bred to generate the Foxl2 2/2 mice studied and tail DNA genotyping performed by PCR (Fig. 1C) . For Southern-blot analysis of wild-type and homologous recombinant ES cells, DNA was digested with HindIII (H) (Fig. 1B,  left panel) and VspnI (V)-MluI (M) (Fig. 1B, right panel; the locations of the sites are indicated in Fig. 1A ) and hybridized with probe A (a 652 bp PCR fragment amplified by primer forward AGGAAAGTGGCAGTGTGCAG and reverse GG CTCTGGTGTTTTGCTTGG) and probe B (a 709 bp PCR fragment amplified by primer forward TACCCTCTACCACCT CCTT and reverse GAACTAGGCAAACACACCAATG). PCR reactions (Fig. 1C) detected the wild-type and mutant alleles with one common primer (b: GGATCTCTGAGTGCCAACGC) and a second primer recognized the wild-type sequence (a: CACGGGAAAGCAGAGGCCGC) or the replacement Neo cassette sequence (c: CACACTGCTCGACATTGGGTG). PCR reactions were performed twice, i.e. both in a multiplex PCR reaction and separately for the two alleles. Mice were euthanized ethically according to ACUC-approved NIA Animal Protocol 1218-03. Serum IGF1 levels were measured by solid-phase RIA (Anilytics, Gaithersburg, MD, USA).
Histology and morphometry
Embryos and organs of different ages (13.5 dpc, 17.5 dpc, P1, P7, P14, 4 weeks and 8 weeks) were fixed in 4% paraformaldehyde or Histochoice w (Amresco, Solon, OH, USA), embedded in paraffin, serially sectioned at 5 mm, and stained with hematoxylin-eosin (HE) or processed for immunohistochemistry or RNA in situ hybridization. Images in Figure 2C -F were taken with an MZFLIII Leica stereomicroscope. Images in Figure 8C and D were taken with a HiRes CCD camera and processed on a Deltavision system version 5.10. All other images were taken with an Axiovert 
